BACKGROUND-Prior work has described five domains within the 22-item SinoNasal Outcomes Test (SNOT-22) that allow for stratification of symptoms into similar clusters that can be used to direct therapy. While the outcomes of various interventions on these symptom domains have been reported, minimal clinically important difference (MCID) values have not been previously investigated, limiting clinical interpretation of these results.
INTRODUCTION
As the field of outcomes research continues to mature, there has been an increasing emphasis on placing statistical differences into a clinically meaningful context. Historically, and often incorrectly, this has been done by reporting measures of statistical significance and implying clinical significance. The concept of the minimal clinically important difference (MCID) evolved to combat this practice by defining a threshold value by which a statistically significant result may also be thought to offer a clinically meaningful result.
The validated 22-question Sinonasal Outcomes Test (SNOT-22) is a widely adopted instrument to evaluate chronic rhinosinusitis (CRS) treatment outcomes. The MCID of the total SNOT-22 score has previously been defined as 8.9 points using 3-month postoperative scores. 1 The characterization of five distinct symptom domains within the SNOT-22 2 has further refined the utility of the SNOT-22 instrument by allowing for patient responses to be measured across multiple different clinical domains, thus enabling both clinicians and researchers to examine the effects of various interventions on discrete rhinologic, extrarhinologic, ear/facial, psychological, and sleep symptoms associated with CRS. While many studies have reported treatment outcomes across the different SNOT-22 domains [3] [4] [5] , an MCID value for these domain scores has not been previously identified, representing a crucial gap in the current literature. In this investigation, we sought to use distribution-based and anchor-based methods to define the MCID of the SNOT-22 domains in order to qualify the analyses present in rhinologic outcomes research while also providing physicians with a clinical context for interpreting these scores in their patients.
MATERIALS and METHODS

Patient Enrollment and Inclusion Criteria
Findings and descriptions of this cohort investigation have been previously described. [6] [7] [8] Adult (≥18 years of age) study participants were prospectively sampled from heterogeneous patient populations referred to tertiary, academic practices in North America for recalcitrant symptoms of CRS between March, 2011 and June, 2015. Diagnoses were confirmed by fellowship trained rhinologists using guidelines currently defined by the American Academy of Otolaryngology. 9, 10 Study participants provided informed, written, consent in English during baseline enrollment meetings. An Institutional Review Board (IRB) at each enrollment center provided annual approval and regulatory oversight of all protocols, annual reviews, and safety monitoring. Clinical enrollment centers included: Oregon Health & Science University (Portland, OR; eIRB #7198), Stanford University (Palo Alto, CA; IRB #4947), the Medical University of South Carolina (Charleston, SC; IRB #12409), and the University of Calgary (Calgary, AB, Canada; IRB #E-24208). Patients were assured that study participation involved no more than minimal risk and was voluntary per good clinical practice guidelines established by the International Conference on Harmonization. 11 Each participant provided extensive medical history to confirm completion of prior therapeutics consisting of at least one course (≥14 days) of culture-directed or empiric antibiotics, either corticosteroid nasal sprays (≥21 days) or systemic corticosteroid therapy (≥5 days), and daily saline solution irrigation (~240ml) as needed.
Surgical intervention was not randomized or assigned for study purposes. Study participants elected endoscopic sinus surgery (ESS) due to inadequate symptom control from prior medical management. Surgical approach was dictated by each enrolling clinician using radiographic imaging and endoscopic examination findings of disease location and extent. Patients underwent either primary or revision ESS completed under general anesthesia. Surgical procedures consisted of unilateral or bilateral maxillary sinus antrostomy, total or partial ethmoidectomy, sphenoidotomy, or frontal sinusotomy when appropriate. Anatomic ventilation was further maximized by incorporating inferior turbinate reduction and/or septoplasty if indicated. Postoperative therapeutics included at least daily nasal saline irrigations QD and topical corticosteroid spray/rinses as necessary to optimize postoperative healing.
Exclusion Criteria
Potential disparities in global health as well as variability in surgical interventions and postoperative therapeutic regimen warranted the exclusion of some patient groups from this heterogeneous population. Study participants with concurrent recurrent acute rhinosinusitis (RARS), comorbid ciliary dyskinesia, or corticosteroid dependent conditions (eg. sinusitis, asthma) were excluded from final analyses. Additionally, enrolled study participants who did not return for postoperative follow-up appointments or respond to study related follow-up communication were considered lost to follow-up and excluded from final analyses. previously defined as within-subject postoperative improvement of at least 8.9 points in patients with CRS. 1 Study participants were observed through the standard of care up to 12months after ESS and asked to complete the SNOT-22 survey both preoperatively and during postoperative follow-up evaluations. This time period was chosen due to consensus by the authors that this represented an appropriate follow up period by which the longitudinal effect of the intervention could be assessed. Prior work has shown that postoperative improvements in overall symptom severity are durable between 6, 12, and 18 month follow-up periods. 13
SF-6D Health Utility Instrument
Preoperative and postoperative overall health states were also captured using the Short Form-6D (SF-6D) instrument in addition to the SNOT-22. Individual survey items of the SF-6D are extracted from the 36-item Medical Outcomes Study Short-Form (SF-36) and transformed into health utility values using a standardizing, weighted algorithm described by Brazier et al. and obtained with permission from the Department of Health Economics and Decision Science at the University of Sheffield. 14 The normalized SF-6D value represents a quantified health state that an individual assigns to themselves on a spectrum (range: 0.3-1.0) whereas 1.0 reflects a state of 'perfect health'. A post-treatment difference of 0.03-0.05 has been previously suggested as an MCID for the SF-6D. 15 Due to the absence of a purely objective measure of sinonasal health status, a postoperative improvement of 0.03 on the SF-6D was selected as the external anchor-based criterion for improvement following ESS.
Data Management and Statistical Analyses
Patient confidentiality was achieved by unique study identification number assignment and data collection using a HIPAA compliant, closed-environment database (Access, Microsoft Corp., Redmond, WA). Secondary data analysis of this cohort was completed using commercial software (SPSS v.24; IBM Corp., Armonk, NY). Distributions of scaled data was evaluated for assumptions of normality and/or linearity while all final descriptive patient data is provided in Table 1 .
There are two schools of thought with respect to the process to compute the MCID. Distribution-based methods seek to determine the spread of scores in a baseline population and use the standard deviation of the sample or the standard error of measurement to derive a threshold score that is, statistically speaking, unlikely to be due to chance. A score above this threshold then gives the user confidence (but not certainty) that the measure obtained is a tangible change as opposed to an error of measurement. In contrast, anchor-based methods seek to link changes in PROM scores to an independent clinical anchor measure. For the original SNOT-22 questionnaire, the MCID was computed to be 8.9 in a population of surgical patients with CRS using this approach. This value has now become widely adopted in the literature and used extensively for CRS outcomes research. 1 In the present investigation, we first used distribution-based methods to compute the MCID of preoperative total SNOT-22 score and the individual domain scores. The half standard deviation estimate was computed by calculating the standard deviation (SD) of each scorevalue distribution and multiplying this by 0.5. 16 Note that this is also equivalent to Cohen's medium effect estimation. To determine the standard error of measurement (SEM) MCID score, we first calculated the internal reliability of each score distribution using Cronbach's alpha (Table 4 ). 17 This reliability score (R) was then used to compute the SEM using the formula:
. 18, 19 The minimum detectable change (MDC) MCID score was also derived from the SEM using a different formula . 20 The effect size based MCID was calculated using Cohen's small effect size estimation (0.20) 21 multiplied by the baseline standard deviation of scores. 22 Anchor-based methods were then used to determine MCID values using the SF-6D as the determinant of a true change in health status. 23 The threshold of improvement was defined at 0.03, or 1 MCID of the SF-6D. 15 Receiver-operating characteristic (ROC) curves were computed for the 12-month change in the SNOT-22 total score and the individual domain scores against the change in the SF-6D, and area-under-the-curve (AUC) values were calculated to determine the predictive accuracy of this method. 24 AUC values of 0.8 or higher were considered to be strong candidates for established MCID values as determined by the Youden Index. 25 A mean value across all methods was then computed to determine a pooled measure of the MCID across all methods. 26 
RESULTS
Study Cohort Population
Preliminary cohort data consisted of 604 study participants who met inclusion criteria, provided preoperative SNOT-22 surveys, and completed ESS between March, 2011 and June, 2015. A total of 501 subjects were considered for analysis after exclusions for RARS (n=39), ciliary dyskinesia (n=23), or steroid dependent comorbidity (n=41) and described in Table 1 . Study participants providing 12-month postoperative follow-up (n=276; 55%) were evaluated for postoperative changes in SNOT-22 and SF-6D scores and comprised the final cohort selection.
Postoperative Improvement in SNOT-22 and SF-6D Scores
The distribution of all postoperative improvement scores for the SNOT-22 and SF-6D was approximately normal by visual estimation. Highly significant 12-month postoperative improvement in mean scores was reported across all patient reported outcomes (Table 2) , with an average improvement of 26.7 points on total SNOT-22 scores following surgery (p<0.001).
Distribution-based Methods for MCID Determination
Estimations of distribution-based methods for determining the MCID values from SNOT-22 total and domain scores (n=276) were calculated and compared ( Table 3 ). The average MCID for SNOT-22 total scores was 9.0, while the average MCID for the rhinologic domain, extra-nasal rhinologic domain, ear/facial domain, psychological domain, and sleep domain score was 3.8, 2.4, 3.2, 3.9, and 2.9, respectively. Internal consistency reliability estimates were determined using Cronbach's alpha (R) values for preoperative SNOT-22 total and domains scores (Table 4 ) for use in the calculation of SEM.
Anchor-based Methods for MCID Determination: ROC Curves
MCID values for SNOT-22 total and domain scores were also investigated through the use of anchor-based calculations using patient responses from the SF-6D health utility scores as a measure of global health improvement. A total of 165 (61%) participants reported improvement in SF-6D scores of at least one MCID value to represent a true improvement in global health state. Table 5 describes the AUC values representing the ability of the total SNOT-22 score and symptom sub-domains to classify patients with a minimum improvement in their overall health status as measured by the SF-6D. The AUC values ranged from as high as 0.71 for the psychological symptom domain to 0.62 for the extranasal rhinologic domain, with all tested domains showing statistical significance (p<0.001) when compared to the null AUC of 0.50.
DISCUSSION
With the increasing adoption of patient reported outcomes measures (PROM) to track clinical improvement comes the problem of how to analyze these abstract values in a clinically-relevant context. Although tests like the SNOT-22 are validated to be reliable measures of disease at a particular time point, the validation process offers very little guidance with how to interpret changes in scores over time. The ultimate objective is to identify a threshold by which a change in score is reflective of a true change in health status; in outcomes research, this threshold is commonly known as the MCID.
This investigation sought to investigate the MCID of the SNOT-22 domains using a number of commonly described methods. The first approach used the half standard deviation -a commonly cited "rule of thumb" for computing the MCID. This corresponds to Cohen's estimate for a medium effect size calculation 21 , which forms the statistical justification for this choice. In addition, psychological testing has suggested that the capability for symptom discrimination in humans is about the level of a half standard deviation of the baseline test distribution 27 . Interestingly, this measure of the MCID appears to be conserved across many different PROMs from other chronic disease states, which makes the application of this method to the SNOT-22 a reliable approach. 16, 28 This was true in the present analysis as well. Using various methods, the half standard deviation was closest to the average MCID across total SNOT-22 scores and most domains as well as the closest approximation to the previously reported value of 8.9.
The SEM technique, by contrast, is a more statistically rigorous approach that uses the reliability score of the questionnaire to determine its error of measurement. In essence, the MCID is viewed as a change in score that is large enough to have a low probability of being the result of variations in scoring inherent to test sampling error. In our data, the SEM gave smaller MCIDs than the half standard deviation, reflecting a more liberal threshold for clinical significance than the half standard deviation. This is due to the high reliability of the SNOT-22 and its domains (Table 4) , which minimize fluctuations due to measurement error. Cohen's d estimate was the lowest threshold for the MCID across all scores, representing the smallest acceptable value of the MCID. Conversely, the MDC set the most conservative MCID threshold that increases the specificity of the MCID as a measure of true change at the expense of sensitivity. This higher value is a result of the MDC calculation imposing a 
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Author Manuscript 95% confidence interval around the SEM. All approaches are statistically valid methods, highlighting the fact that, ultimately, there is no "true" value of the MCID for all measured populations, and that the validity of the MCID is dependent on its acceptance by physicians who use the instrument routinely. For treatment outcomes research into CRS, 8.9 is generally accepted as the MCID threshold for improvement following sinus surgery. This investigation found that an equally weighted average MCID value obtained by the four methods described was 9.0, approximating that previously published result. The reported average SNOT-22 domain MCID values are therefore likely to be the best current approximations for clinically interpreting postoperative changes in patients following ESS.
It may seem somewhat atypical to use statistical determinations alone to define clinically important differences, and one could argue that reaching a minimum statistical posttreatment difference is a necessary but not sufficient condition of a clinically important difference. An alternative methodology attempts to address these concerns by comparing a change in PROM to a "gold standard" measure of health status. This is known as an anchorbased MCID calculation. 23, 29 This investigation attempted to use the SF-6D as an anchor by which to compare changes in SNOT-22 total and domain scores. While statistically significant relationships were noted between improvements in the SF-6D and the SNOT-22, the ROC analysis showed poor diagnostic accuracy across SNOT-22 total and domain scores, thus limiting its use as an anchor measure for MCID calculation. Fundamentally, the poor diagnostic accuracy of the AUC analysis is a sign that, while the SNOT-22 and its domain scores are appropriate measures of disease-specific symptom severity, the questionnaire does not necessarily predict overall health utility well. Put another way, an improvement in SNOT-22 scores alone may not change health utility as captured by the SF-6D. In a clinical context, this makes sense, as many of the questions on utility questionnaires are designed to capture systemic quality-of-life changes that may not be measured by a disease-specific questionnaire. A separate consideration is that even a successful anchor-based ROC analysis with greater AUC values would provide a wide range of possible MCID values with respective sensitivities and specificities, and several valid definitions for optimal MCID values. Future work within our group will continue to define these relationships between PROMs to determine if alternative disease-specific questionnaires are better equipped to reflect improvements in global health utility than others.
Having estimated the MCID for the five SNOT-22 subdomains, we next turn our attention to the practical utility and interpretation of these values. They are of particular relevance to the field of rhinologic outcomes research, as they enable researchers to compare post-treatment changes in domain scores against a minimum threshold to see if statistically significant improvements are actually clinically impactful. For example, a recent article 3 investigating improvements in psychological dysfunction following ESS found that the mean improvement was 7.4 points. While this was a statistically significant result, it is difficult to determine if 7.4 points on a 35-point continuum is a discernible result for an individual patient or just statistical "noise" within the range of patient variation. With the findings of this investigation estimating the psychological domain MCID as 3.9, we have some guidance that, in properly selected patients with CRS, ESS can actually provide clinically meaningful improvements in discernible psychological function. This in turn allows clinicians to properly counsel patients about the potential benefits of surgery in the preoperative setting. In addition, as the breadth of clinical treatment options in rhinology grows, having MCID values for the SNOT-22 domains will allow for a better assessment of how a particular intervention impacts quality-of-life. To illustrate this point, consider a hypothetical scenario where two competing interventions for CRS have similar total SNOT-22 improvements, but only one achieves an MCID of improvement in the sleep dysfunction domain. When selecting the appropriate clinical option for a CRS patient who has significant impairment in sleep dysfunction, the clinician may be more inclined to select the one that will achieve an MCID in the sleep domain, even if it may not do so in the other symptom domains.
There are several limitations to discuss within the context of these findings. First, this analysis is based off SNOT-22 score distributions from a sample of patients with medically refractory CRS enrolled from academic, tertiary care centers. The MCID values presented here may not be generalizable to SNOT-22 score improvements obtained in patients with other sinonasal diagnoses or in other clinical environments. Additionally, this analysis included only patients who underwent surgical management of CRS. This was a conscious decision made to mirror the approach of previous studies which define the MCID for SNOT-22 total scores. In reality, due to the nature of the distribution based methodology, there may be alternative MCID values for medical management of CRS just as there may be different values for other sinonasal diagnoses and even subgroups of patients within our cohort. This represents another gap within the current literature that we are aiming to address separately. Of course, it may be that there is some level of discriminative capability that is inherent within the SNOT-22 that makes these values close enough to each other that a general value is obtained for all disease states and treatment options for CRS. This transitions to a general limitation of the MCID as a metric of minimum change -ultimately, it is a useful heuristic rather than an absolute value applicable in all instances. In our analysis health utility as measured by the SF-6D did not provide sufficient diagnostic utility to perform a robust anchor-based analysis, in contrast to prior work by our group investigating the Brief Smell Identification Test (BSIT), in which a successful anchor-based approach was used to confirm the distribution-based findings. 30 Nevertheless, having a frame of reference to interpret the clinical significance of changes in PROM scores has significant utility in outcomes research, and the previously discussed agreement of our mean scores with widely accepted anchor-based measures of the MCID lends credibility to the distribution approach in this particular case and offers a useful benchmark to interpret domain score changes.
CONCLUSION
Similar to currently published thresholds, the mean MCID of the SNOT-22 total score in this cohort using distribution-based methods was approximately 9.0. The average MCID for the rhinologic domain, extra-nasal rhinologic domain, ear/facial domain, psychological domain, and sleep domain score was 3.8, 2.4, 3.2, 3.9, and 2.9, respectively. Anchor-based methods using the SF-6D did not have strong predictive accuracy across SNOT-22 total scores or individual domain scores. 
Author Manuscript
Author Manuscript Table 1 Preoperative characteristics and comorbidity in patients with CRS (n=276) Table 3 Results of distribution-based methods for determining MCID values for SNOT-22 scores 
Characteristics
